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A new imaging mode for the atomic force microscope (MM), yielding images mapping the adhesion force between tip and sample, is introduced. The adhesion mode AFM takes a force curve at each pixel by ramping a piezoactuator, moving the silicon-nitride tip up and down towards the sample. During the retrace the tip leaves the sample with an adhesion dip showing up in the force curve. Adhesion force images mapping parameters describing this adhesion dip, such as peak value, width, and area, are acquired on-line together with the sample topography. Imaging in air gives information on the differences in hydrophobicity of sample features. While imaging a mercaptopentadecane-gold layer on glass in demineralized water, the adhesion force could be modulated by adding phosphate buffered saline.
Atomic force microscopy-(AFM) is well known for its high-resolution topographic images of a wide variety of samples. To acquire these topographic images several modes of operation have been developed over the past 8 years. These include contact mode AFM,l noncontact mode AFM,2 and tapping mode AFM in air3 and liquid.4Y5 The information accessible to AFM-type systems, however, is not only limited to topography. Electrostatic,' magnetic,7 and friction forces8 can also be mapped with submicron resolution. Moreover, it has been shown that by introducing a force modulation between tip and sample in contact mode AFM, it is possible to obtain information on the viscoelastic properties of samples. '-'l One of the problems any AFM operator encounters is the large adhesion force due to the formation of a water meniscus between tip and sample in ambient conditions (both are covered by a thin water film). This force can be quantified by registrating force curves;1213 values up to 100 nN are common. The magnitude strongly depends on the contact area between sample and tip, type of sample surface, and the relative humidity. Upon immersing the tip and sample in liquid the adhesion forces are reduced to the nN level. For imaging of soft samples with low loading forces using contact mode AFM, the remaining forces can be further reduced by changing the pH, the ion concentration or ion type.14>15 The very nature of these adhesion forces, however, may provide valuable information on the tip-sample interaction which is sensitive to the chemical composition of both tip and sample surface.
In this letter we introduce the mapping of adhesion forces between tip and sample as a new AFM imaging mode. Basically, force curves are determined at each pixel in the image. From the force curves several parameters describing the adhesion between tip and sample are extracted. Topographic and adhesion force images are acquired simultaneously on-line in the adhesion mode AFM.
In a modified version of our stand-alone AFM16 the silicon-nitride tip (radius of curvature 20-50 nm) is moved in and out of contact, by ramping a small piezoactuator (connected to the main piezotube), which is placed in the cantilever holder. The tip is lowered towards the sample. Upon touching the sample the cantilever deflects until a preset cantilever deflection setpoint is reached (see Fig. 1 ). The piezotravel up to this setpoint is monitored and is a measure of the sample topography (h); on top of a bump the tip has to be lowered less far to reach the setpoint, then above a hole. After the setpoint has been reached the tip is retracted to the upper limit allowed by the ramping voltage. During this retrace the tip leaves the sample at some point, resulting in the well-known adhesion dip. From the retrace curves the following parameters describing the adhesion forces are obtained: peak value of the adhesion dipp, width of this dip w, and area of the adhesion dip a (see Fig. 1 ). All these functions were implementing in electronic hardware. A pixel clock triggers a ramp generator coupled to the piezo actuator.
(1) (2) (1) there is no change in height, so the applied piezovoltage is the same (middle). The adhesion force, however, is much larger [bottom). In situation (3) the adhesiqn stays the same, but the ramping voltage is smaller due to the increase in height. Finally, the lower part of the sample (middle; high applied ramping voltage) is covered by an adsorbate, e.g., a layer of proteins such as poly-llysine, giving a typical adhesion dip as sketched (4). The adhesion dip is described by the peak p, the width W, and the area a. Upon reaching the sample deflection setpoint, the voltage applied to the piezo is stored in a sample/hold circuit and the ramping voltage reversed. The peak value of the adhesion dipp during the retrace curve is measured by a peak detector. The width of the dip w is determined by an integrator coupled to a comparator, which is started and stopped when the deflection signal crosses a discriminator signal level set just below the "zero''-deflection level. During the same period a second integrator integrates the deflection signal yielding the area of the adhesion dip a. Figure 2 shows topographic and adhesion force images of a Langmuir-Blodgett monolayer film of diethylene glycol diamine pentacosadinoic amide (DPDA), polymerized by ultraviolet (UV) irradiationi on a microscope glass slide. Force curves were recorded at a rate of 550 per s. The thickness of the film is about 5 nm [ Fig. 2(a) ]. The adhesion force image [ Fig. 2(b) ] does not show the absolute adhesion force, because a background level is subtracted and the remaining differences are.magnilied. The average adhesion force on the glass is 300 nN (the relative humidity was about 75%) and the force variations in Fig. 2(b) are 30 nN. We clearly observe that the adhesion force between tip and DPDA (270 nN) is less than the adhesion force between tip and glass. So DPDA is less hydrophylic than glass. This was to be expected, because the hydrophylic tail groups of the amphiphihc DPDA molecules are directed towards the glass. This example illustrates that an AFM operating in this adhesion force mode in air is capable of discriminating between objects on the basis of differences in adhesion forces resulting from the lack or presence of a water film. We do observe also some changes in adhesion forces which are not related to differences in hydrophobicity. The adhesion force is also influenced by changes in contact area resulting in a decreased adhesion force at step edges and on objects. On top of these objects the contact area increases and so does the adhesion force (arrow in Fig. 2) .
Whereas-imaging while in air the adhesion forces are predominantly due to differences in hydrophobicity, in liquid it is possible to directly measure the tip-sample interaction due to Van der Waals forces and specific chemical interao tions. As a test sample we coated a glass slide with a thin gold layer. On top of the gold layer a self-assembled monolayer was formed by immersing the sample overnight in a solution of 1 mM 15-mercaptopentadecane in ethanol. Some parts of this mercaptopentadecane-gold layer were mechanically removed. In Figs. 3(a) and 3(b) the topographic and adhesion force images obtained simultaneously are shown. Force curves were recorded at a rate of 70 per s. This rate is limited by the viscous drag of the cantilever in the water. Figures 3(a) and 3(b) are obtained in demineralized water. A clear difference in adhesion force for the mercaptopentadecane and the uncovered glass can be observed. The average adhesion force on the mercaptopentadecane layer is l-2 nN, with some adhesion peaks reaching values up to 5 nN [right side of Fig. 3(b) ]. When changing from demiwater to phosphate buffered saline (PBS; pH 7.35) the contrast in the adhesion force image disappeared completely [ Fig. 3(c) ]. Only some small features, such as the two cluster-like structure at the bottom (both are not visible in the height image), remain visible. This is in agreement with observations by Hoh et al. who showed that adhesion forces diminish-by adding ions.13 The same area was imaged again in demiwater and we observed that the contrast in the adhesion force image was restored (data not shown). A striking image illustrating this effect is shown in Fig. 3(d) . The upper half has been imaged in demiwater. The average adhesion forces are now between 0.5 and 1 nN. This is lower than in Fig. 3(b) which is probably due to some ions still being present in the medium or to contamination of the tip. Halfway during the scan we added about 200 ,ul of PBS to the sample cup (liquid volume of 1.5 ml). As a result the adhesion force decreases below the detection limit [lower half of Fig. 3(d) ].
The shape of the force curves mapped in the adhesion images of Figs. 2 and 3 were all similar to (2) and (3) in Fig.  1 . Since the adhesion dip is triangular shaped the images mapping the peak, width, and area of the adhesion dip all look similar. In other experiments, however, we did encounter retrace curves as sketched in Fig. 1 (situation -4-) . Adhesion dips of this nature, e.g., caused by the presence on the sample of absorbate molecules, such as poly-L-lysine-can be traced when closely comparing the different adhesion images (peak, width, and area). A more direct way of tracing such adhesion dips is by determining the ratio between the width and peak height. Adhesion dips such as in situation (4) (Fig.  1) with deviations from the triangular shape will directly show up in such an image.
For two reasons it is essential that there is a force control that limits the maximum force on the sample (directly determined by the preset cantilever deflection setpoint) instead of a free-running oscillator ramping the tip up and down. If a free-running oscillator is used topographic changes directly result in changes in applied force. First, high loading forces on soft (biological) samples tend to be disruptive. Second, we sometimes observed that the adhesion force increased upon increasing the loading force. On soft deformable samples it may be assumed that a higher loading force leads to a larger contact area between tip and sample, and as a direct consequence to higher adhesion forces. The same effect has been observed on air-dried samples and the mercaptopentadecane film. Since the contact area will no longer increase (at the level of loading forces used), this effect has to be related to the increase in contact time. So it seems to be important to have a force control, which keeps the force as well a the contact time constant. A more or less similar force control has been used previously to image contact holes on integrated circuit devices with a hopping mode operation of the AFM.r8
At a ramping rate of 70 Hz the force sensitivity of our current setup (in liquid) is limited to about 0.1 nN (force constant of the cantilever is 0.06 N/m; Digital Instruments Inc., Santa Barbara, Ca). This limit is determined by mechanical resonances exciting the cantilever originating from ramping the piezo. Moreover, the lateral scanning movement of the cantilever in the liquid also causes vertical cantilever motions. Although the current force sensitivity is not sufficient to detect the breaking of H bonds (about 1.2X lo-l1 N as measured by AFM)r' while imaging, it is adequate to detect the rupture force of a single streptavidin-biotin interaction (0.3 nN) .20 In our future experiments with the adhesion mode AFM in liquid the main emphasis will be on molecular recognition interactions at the molecular level. We envision the imaging of cells with a biochemically functionalized tipYaa enabling a direct recognition of molecules, e.g., antigens, on the basis of the measured adhesion force. " We thank Dave van de Heuvel for the preparation of the gold sample. The Langmuir-Blodgett sample was a kind gift of Hermann Gaub. This work has been supported in part by the Dutch Organization for Scientific Research NW0 (C.A.J.P.).
